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A Permanent Magnet BLDC motor is designed for reduction in cogging 
torque and flux per pole. The cogging torque causes direct impact in 
permanent magnet BLDC motor performance by causing torque ripple 
problems. This paper proposes a new method for reducing cogging torque by 
adapting to U-clamped magnetic poles. Finite Element Analysis (FEA) is 
used to calculate the cogging torque and the flux per pole for different shapes 
of magnetic pole. It can be shown that the cogging torque could be greatly 
reduced by adapting to U-clamped magnetic poles. At the same time it is 
found that the flux per pole is also considerably reduced. The effectiveness of 
the proposed method is verified by comparing the cogging torque and flux 
per pole for various designs available in the literature. 
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1. INTRODUCTION 

In recent years, permanent-magnet BLDC motors have wide usage in home appliances, automotive 
field and industrial areas. Some advantages of BLDC motors are their high performance, high ratio of 
torque/volume, capability for high speed applications, electronic driven commutation etc. With the 
development of high-performance PM material, PM motors are widely used in speed and position control 

systems. However, in slotted motors, cogging torque, which may affect the control accuracy, is produced as a 
result of the interaction between rotor PMs and armature [1]. Thus techniques for reducing cogging torque 
plays an important role in motor design and many studies have been carried out on the prediction and 
reduction of cogging torque. In BLDC motors the main undesirable effect is the cogging torque. This torque 
is an oscillatory torque caused by the permeance variation between stator slots and rotor magnets. 

Many methods have been developed to minimize the cogging torque. Some of them are using the 

shape change of laminations [2]-[3], some are using auxiliary slots and air gap profiles [4]-[5], and other are 
using skewing the rotor magnets and step skewing using FEA implementation [6]. Further stator slots 
skewing [7]-[8], adapting to different combination of slot numbers and pole numbers [9] and adapting to Iso- 
diametric and Semi-circled magnet [ 1 ], [ 10] are some of the other methods used. A FEA method based on a 
combination of electromagnetic field and circuit equation for magnetic field modelling and torque prediction 
is presented for decreasing the level of cogging torque for sufficient condition without skewing [11]. In their 
paper, some core shapes that reduce cogging torque are designed by using genetic algorithm [12]. The radial 
field topology has been using applied FEM in optimization of PM motors [13]. The predefined slot shape on 
the pole surface reduces the cogging torque, which is an evolution strategy for the optimal design process to 
determine the slot size [14]. The computer aided design (CAD) of radial flux surface mounted magnets was 


Journal homepage: http://iaesjournal.com/online/index.php/IJPEDS 








298 n 


ISSN: 2088-8694 


easy to fabricate and applied successfully. Hyper-cube sampling strategy is applied to optimize a magnet pole 
shape of the large scale PM motor. The influences of stator tooth width on cogging torque are analyzed 
theoretically and experimentally. The Optimization of Two Design Techniques for Cogging Torque 
Reduction Combined with Analytical Method by a Simple Gradient Descent Method is discussed. The last 
method is found to be effective, but it limits the choice of the number of slots discussed in. 

This paper is being based on Fourier expansion and energy method. An analytical expression of 
cogging torque is derived, which can be used to evaluate the effects of design parameters on cogging torque. 
The main idea in this paper is to reduce the cogging torque and to reduce the rate of change of flux density. 
The test motor is analyzed for different physical parameters and the results are given as normalized to the 
data that are provided by the manufacturer. FEA is used to calculate the cogging torque and flux per pole for 
different shapes of magnetic poles. Commercial software which performs 2D FEA Method is used for the 
numerical analysis part of the problem. The general dimensional view of a BLDC motor is shown below in 
Figure 1. 



Figure 1. General Dimensional Of BLDC Motor 


2. COGGING TORQUE 

Cogging torque occurs in PM motors in the air gap between rotor and stator. It is the energy 
variation within a motor when there is no current in the windings. As the rotor rotates, the reluctance change 
in the air gap changes, due to the slots creating the cogging torque. While the magnetic flux is going through 
the rotor to stator, there is a variation in the reluctance. The path of the magnetic flux exists from magnets to 
rotor, and then follows through air gap and stator; lastly it returns to the magnets. Reluctance of the air gap is 
different from the air gap in the steel which is used in rotor and stator. The cogging torque can be calculated 
from the stored energy in the air gap. Since the cogging torque is formed in the air gap as a force, the stored 
energy in the air gap can be calculated by using the Virtual Work Method (VWM). According to VWM, the 
cogging torque is given by. 


where, 4 w’ is the stored energy and 4 a’ is the mechanical rotor position. The magnetic flux and stored energy 
varies for different rotor positions. Since the energy variation in iron is negligible in comparison to that in air 
and PMs, the magneto static energy can be expressed as follows [1]. 


W — Wpm+airgap 2 ^ o f v ^ 


( 2 ) 


Generally ‘W’ is dependent on the relative position between PMs and slotted armature. At any rotor 
position ‘a the radial flux density can be described as 


B(6, a) = B r (0) 


h m 

h m +g(G,a ) 


( 3 ) 


where, 4 B r (9)’ is the distribution of residual flux density of PMs along the circumference of air gap, h m the 
length of PM in the magnetization direction and g(0,a) is the distribution of air gap length. Thus the 
magneto static energy can be rewritten as follows [1]. 
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S v B r 2 dv( 


hm 

h m +g(G,a ) 



(4) 


where g(0,a) and h m are the effective length of air gap, and the length of PM in magnetizing direction 
respectively. If the Fourier expressions of Br 2 (0) and (h m /(h m +g(0,a))) 2 are known, the magneto static energy 
and cogging torque can be obtained. The Fourier expansions of Br 2 (0) and (h m /(h m +g(Q, a))) 2 can be expressed 
as shown below. 


B r 2 (6) = B r0 +Z“= i B m cos2np6 (5) 

kd m ) 2 =g ° +cosnz{ -° +a) (6) 

where p is the number of pole pairs. Substituting (4), (5) and (6) in (1), the cogging torque can be expressed 
as follows: 


7’ coa (a) = 2 7^(/?I - ^i) £n=i nG n B r nz sinnza (7) 

2 p 

where F Fe is the axial stack length of armature, R\ the outer radius of armature, R 2 the inner radius of stator 
yoke, n the integer that enables nz/2p to be retained as an integer always. 


3. ECCENTRIC MAGNET POLES AND COGGING TORQUE FOR VARIOUS SHAPES OF 
MAGNETIC POLES 

It can be seen from (7) that cogging torque is only dependent on #r(nz/2p) if the parameters such as 
Ri and R 2 are given. Since #r(nz/2p) is determined by the shape of magnetic poles, the cogging torque can be 
reduced by adapting suitable shapes of magnetic poles. The shape of the conventional magnetic pole is 
shown in Figure 2(a). Its inner and the outer contour have the same centre O, and the radial thickness does 
not change with position. Figures 2(b) and 2(c) show an eccentric magnetic pole for Iso-diametric and Semi- 
circled magnetic poles. Its inner and outer contours have different centres, i.e. the centre for outer contour is 
point O while that of the inner contour is point O'. It can be seen that radial thickness of the magnetic pole 
h m r changes for different positions. The distance between points O and O’ is defined as the eccentric distance 
h [1],[10]. If h m is equal to eccentric distance, the magnetic pole is called U-clamped. In this paper, in order 
to reduce the cogging torque the conventional magnetic, Iso-diametric magnetic poles and Semi-circled 
magnetic poles are replaced by U-clamped ones. Figure 2(d) shows the U-clamped magnetic pole. In this 
machine the material used for Stator is CR10 cold rolled steel, for Rotor M43 armature 24 cages, for 
Permanent magnet it is neodymium ferrite boron (NdF e B) and for Shaft it is steel. The U-clamped magnet 
middle part is h m and the edge is h m \ It has 8-poles 30 slots, 8-poles 48slots and 8-poles 60 slots and is 
explained below. The h m distance is higher than h m ' in semi-circled magnets. The main objective of this 
method is to demonstrate that cogging torque can be reduced to a generally acceptable level by appropriate 
selection of motor design. The proposed U-clamped model has been derived from the Semi-circled PM 
model. For different eccentric distances, the distributions of the radial flux densities are different. If h is zero 
the expression of #(0) can be written as follows: 

B(6)=B r (e)^- ( 8 ) 

ri m + 9 

If h is not zero, #(0) can be obtained as follows 


B'(6 ) = B r (6) 


h m ,+ S'W 


Br(8) 


h m +g(. 8 ) 


^-g r (6>) —— = B r '(0) 

h m h m +g{6 ) r y J 


h m +g{0 ) 


(9) 


where h m r and g'(0) are the effective length of PM in magnetization direction and the effective length of air 
gap with semi circled magnetic pole respectively i.e., 


B r ,(9)=^B r (6) 


( 10 ) 
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(c) Semi-circled permanent magnetic pole (d) U- clamped magnetic pole 

Figure 2. Eccentric magnetic pole 

Thus the residual flux density B r (9) for motor with an eccentric magnetic pole is equivalent to 
B r t(9) in a motor with a concentric magnetic pole. The Fourier expansions of B r ,2 {9 ) can be expressed in 
the following form. 

B r ,2 {9 ) = a 0 + T,n=i(. a n cos 2np0) (11) 

In this paper, an 8-pole prototype motor is studied whose parameters are given in Table I. For 
simplicity, only th eB r r2 (9) under one pole is considered. The Fourier coefficients with different eccentric 
distances are adapted. It can be seen that most of the Fourier coefficients get reduced with the increment of 
Eccentric distances, and some Fourier coefficients increase with the increment of eccentric distances. The 
Fourier coefficients reduce the cogging torque with the increment of eccentric distances. Hence this method 
is used to reduce the cogging torque effectively. 

In addition to the CAD task of specifying the geometry of each object and the process of breaking 
up the model into a sufficiently refined mesh of FEA is directed. Most FEA systems provide a variety of 
mesh generation options, ranging from totally automatic to totally user-controlled. A variety of merge and 
validation options are available in mesh generation. In the FEA method of analysis, the model is divided into 
a mesh of elements. The mesh analysis is shown in Figure 3. The FEA is the solution of the set of equations 
for the unknown number of coefficients. In 2D, the elements are shaped like triangles defined by three 
vertices (nodes). The accuracy of the solution depends upon the nature of the field and the size of the mesh 
elements. 
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Table 1. Parameters of prototype 


Number of poles 

8 

Air gap(mm) 

1 

Outer radius of pole(mm) 

76 

Width of slot opening(mm) 

1.4 

Inner radius of rotor (mm) 

20 

Residual flux density(T) 

0.96 

Outer radius of rotor(mm) 

60 

Coercive force(Ka/m) 

145.36 

Outer radius of stator(mm) 

80 

Pole arc coefficient 

0.7 



Figure 3. Initial 2D mesh 


The primary purpose of electromagnetic FEA is generally to identify regions of intense saturation 
since these indicate the points through which the flux flows inside the device when the excitation is applied. 
A concentration of flux lines shows the regions of higher flux density. The contour plot displays the magnetic 
flux functions as contour lines as shown in Figure 4. The value of the flux function is constant along a 
contour line so that the contour lines are also magnetic flux lines. Each contour line corresponds to a different 
magnetic flux line. The difference in value from one line to the next is always the same. The difference in the 
value of flux functions between two neighbouring contour lines is the amount of flux flowing between the 
lines. Flux density is the next step involved in the post-processing unit, which depends on the flux function. 
Flux density plots generally include a colour code key with which the user can interpret the flux density 
values numerically. Additional information on the numerical values of flux density is available in tabular 
form for different portions of the device. For static and time-harmonic solutions, any entry in the Flux 
Finkage page can be graphically represented as shown in Figure 5. 



Figure 4. Contour flux function 


Figure 5. Shaded flux density 


4. COGGING TORQUE AND FLUX PER POLE FOR DIFFERENT SHAPES OF MAGNETIC 
POLES 

This section discusses the cogging torque for different shapes of magnetic poles such as 
conventional, Iso-diametric, Semi-circled and U-clamped magnetic poles. The conventional, Iso-diametric 
and semi-circled magnetic poles are investigated in the evaluation of cogging torque [1],[10]. In the proposed 
paper the U-clamped 8-pole machine with three prototypes 30, 48 and 60 slots are analysed and performance 
comparisons are carried out. In this paper Maxwell tensor method is used to calculate the cogging torque. In 
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FEA calculations, moving boundary method is used to take into account the relative position between the 
PMs and rotor armature, and the magnetic field distributions at different relative positions are obtained. In 
order to perform a comprehensive investigation on the effects of eccentric magnetic poles on the cogging 
torque, different slot numbers, i.e. 30, 48 and 60 are considered in the prototype motor. For 8-pole 30-slot, 8- 
pole 48-slot and 8-pole 60-slot PM motor, the Fourier coefficients which have effect on cogging torque are 
B T9k , B r5k and # r iok. The cogging torque waveforms are shown for U-clamp with 30 and 48 slots in Figure 6. 
and 60-slots in Figure 7. The cogging torque can change due to the magnet arcs. By adapting the U-clamp 
magnets the cogging torque has been reduced greatly. Also the flux per pole reduces slightly as the rate of 
change of flux density reduces which intern results in cogging torque reduction. The rate of change of flux 
density and eccentricity are compared with the various shapes of magnetic poles. Because the only source is 
the permanent magnet, the small change in the magnetic arc angle affects the result significantly as expected. 
In the test motor, the actual magnet arc angle is 79.76°. One degree-change in the magnet arc results in 18% 
of cogging torque reduction. The cogging torque is largely decreased in a U-clamped 8-pole 60-slot machine. 
When increasing the number of slots the slot pitch decreases then the widths of slot and tooth also decrease. 
This may result in reduction in periodicity of magnetic flux, and the rate of change of flux density which 
depends on the magnetic flux also reduces. The comparison of cogging torque results for various types of 
magnetic poles is shown in Table 2 and in Figure 8. 

When changing the shape of magnetic poles, the cogging torque gets changed. The flux per pole 
also changes with a non-slotted armature corresponding to different eccentric distances as in [1]. It is shown 
that the flux per pole is also reduced when U-clamped magnetic pole is adapted. The rate of change of flux 
density reduces resulting in the reduction of cogging torque. It can be concluded that, by adapting U-clamped 
magnetic pole, the cogging torque can be reduced considerably while the flux per pole can be decreased 
marginally, which prove the effectiveness of the method proposed in this paper. Table 3 shows the 
improvement of efficiency when the cogging torque is reduced. 



JOtloh 
-«-48*Xs 


u-clamped 



Figure 6. Cogging torque for 30 and 48 slots Figure 7. Cogging torque for 8-pole, 60 slot 


Table 2. Cogging Torque for Different Magnetic Poles 


Magnetic poles 

Cogging torque Peak value (Nm) 

Percentage to original 

Conventional 

6.85 

100% 

Iso-diametric 

4.55 

33.5% 

Semi-circled 

2.27 

66.86% 

U-clamped (30 slots) 

1.76 

74.30% 

U-clamped (48 slots) 

0.45 

93.43% 

U-clamped (60 slots) 

0.21 

96.93% 


Table 3. Comparison of Efficiency and Cogging Torque 

Methods 

Cogging torque Peak to peak (Nm) 

Efficiency 

Conventional 

6.85 

84.26% 

Iso-diametric 

4.55 

89.13% 

Semi-circled 

2.27 

91.86% 

U-clamp 

0.21 

94.67% 


IJPEDS Vol. 8, No. 1, March 2017 : 297 - 304 




































IJPEDS 


ISSN: 2088-8694 


n 303 



Figure 8. Comparison of Cogging Torque for different model 


5. CONCLUSION 

A Permanent Magnet BLDC motor is designed to reduce the cogging torque and flux per pole by 
adapting to a new design namely the introduction of U-clamped magnetic poles. The analytical expression for 
cogging torque, which can be used to analyze the effects of design parameters qualitatively, is derived in this 
paper. The comparison has been done with the various shapes of the magnetic poles. Based on this result, the 
U-clamped magnetic pole is found to have better efficiency compared with the different magnetic poles. 
Among the three prototypes of U-clamp models, the 60 slot machine is having a better performance, which is 
proved in this paper. Calculation of cogging torque by FE method proves that the cogging torque has been 
reduced considerably by adapting to U-clamped magnetic pole, in which the flux per pole also gets reduced a 
little, which validates the effectiveness of the proposed processing method. 
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